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Preface 

The  ability  to  store  RF  energy  spread  over  a wide  bandwidth  for  long  periods  of 
time  is  highly  desirable  for  many  military  and  commercial  applications.  The 
present  paper  investigates  one  particular  approach  to  this  general  problem  of  time 
delay. 

The  authors  wish  to  take  this  opportunity  to  gratefully  acknowledge  the  many 
valuable  inputs  of  P.  Sokoloff  in  arriving  at  the  scheme  presented  here. 
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Ultra-Flat  UHF  Delay  Line  Modules 


1.  INTRODUCTION 

Delay  or  storage  of  RF  waveforms  over  a wide  bandwidth  can  be  useful  in  a 
large  variety  of  electronics  applications.  The  purpose  of  the  present  report  is  to 
investigate  the  use  of  straightforward,  easy  to  design  surface  acoustic  wave  (SAW) 
delay  lines  ^ for  achieving  long  time  delays  (~500  psec)  over  a 200  to  250  MHz  band- 
width. Unapodized,  periodic  interdigital  transducers  are  to  be  used  and  the  use  of 
matching  elements  will  not  be  allowed.  As  will  be  seen,  use  of  a simple  delay  line 
design  such  as  this,  effectively  shifts  design  complexity  to  other  components  in  the 
delay  module.  In  addition,  these  specifications  and  requirements  imply  that  a high 
center  frequency  of  operation  and  high  material  coupling  factor  are  necessary  in 
order  to  ease  fractional  bandwidth  considerations  while  allowing  a sufficient  number 

of  interdigital  fingers  to  yield  a reasonable  insertion  loss.  Therefore,  the  high 

2 

coupling,  highvelocity,  41.5,  X orientation  of  lithium  niobate  will  be  used  along 
with  a center  frequency  of  ~800  MHz. 

Due  to  propagation  loss  this  high  a frequency  will  clearly  limit  the  maximum 
delay  which  can  be  achieved  without  excessive  insertion  loss  and  consequent  limiting 
(Received  for  publication  1 August  1977) 

1.  Slobodnik,  A.  J.,  Jr.  (1973)  UHF  and  Microwave  Frequency  Acoustic  Surface  Wave 

Delay  Lines:  Design,  TR-7?^538,  RAriC^/EEA;' RanscotnAPB;  Mass.  01731. 

2.  Slobodnik,  A.J. , Jr.,  and  Conway,  E,  D.  (1970)  New  high-frequency  high- 

coupling  low-beam  steering  cut  for  acoustic  surface  waves  on  LiNbO  , 
Electron.  Lett.  6:171-172.  ® 
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of  dynamic  range.  Thus  the  use  of  the  modular  system  shown  in  Figure  1 must  be 

Q 

adopted.  Each  module  consists  of  a SAW  device  to  provide  delay,  an  equalizer  to 
provide  an  overall  flat  bandpass  characteristic  and  an  amplifier  to  compensate  for 
insertion  loss.  As  shown,  modules  are  cascaded  to  yield  the  required  overall 
time  delay.  The  overall  flat  bandpass  shape  is  necessary  in  order  to  avoid  band- 
width shrinkage  problems  when  the  modules  are  cascaded;  thus  the  equalizers  are 
used  to  compensate  for  the  interdigital  transducer  rolloff  characteristics.  ^ An 
alternate  solution  to  the  rolloft  problem— operating  the  amplifiers  in  saturation— was 
rejected  since  a linear  system  was  desired.  In  this  way  multiple  simultaneous  sig- 
nals can  be  handled  without  intermodulation  product  or  signal  capture  problems. 

Since  gain  equalizers  cannot  compensate  for  fine  grain  ripple,  it  was  necessary 
to  minimize  any  systematic  occurrence  of  this  effect  in  the  SAW  delay  lines.  The 
design  goal  adopted  was  to  achieve  no  more  than  0.  1 dB  fine  grain  ripple  in  each 
individual  delay  line.  According  to  Figures  2 and  3 this  corresponds  to  45  dB 
suppression  of  time  domain  spurious.  (See  Appendix  A for  further  details. ) This 
is,  of  course,  a worst  case  since  random  spurious  would  tend  to  cancel  between 
devices.  Following  a similar  argument  it  is  intended  to  exclude  triple  transit  from 
consideration  as  a spurious  response.  This  is  justified  to  the  extent  that  slightly 
different  delay  times  are  used  for  each  module  resulting  in  ripple  cancellation  be- 
tween modules.  Thus,  in  applicable  cases  pulse  measurement  techniques  will  be  used. 

The  following  two  sections  of  the  report  will  be  devoted  to  a description  of  each 
of  the  components  of  the  delay  modules:  delay  lines,  amplifiers,  and  equalizers. 
Section  4 will  then  provide  data  on  the  time  and  frequency  domain  performance  of 
the  modules.  This  will  be  followed  by  a summary  and  conclusions  in  Section  5. 
Finally,  appendices  have  been  included  to  provide  additional  data  of  interest. 


MODULE 


Figure  1.  Obtaining  Long  Time  Delays  Using  Cascaded,  Low-Loss  Delay  Modules. 
Each  module  consists  of  a SAW  delay  line  which  provides  RF  storage,  an  equalizer 
which  provides  an  overall  flat  bandpass  characteristic,  and  an  amplifier  to  over- 
come insertion  loss 


3.  Erlinger,  W.G.  (1973)  Fine  Grain  Amplitude  Equalization.  TR-73-0162, 
Wavecom,  Inc.,  9036  Winnetka  Ave. , Northridge,  CA  91324. 
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PASSBAND  RIPPLE  (dB) 


TIME  SPURIOUS  (dB) 

Figure  2.  Semi-Log  Plot  of  Conversion  Between  Time  Domain  Spurious  and 
Frequency  Domain  Peak-to-Peak  Ripple 
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2.  SLRFACK  ACOUSTIC  WAVE  DELAY  LINES 


This  section  details  the  fabrication  and  testing  of  the  SAW  delay  lines  used  in 

the  delay  modules  illustrated  in  Figure  1,  Delay  line  design  to  similar  specifica- 

4 5 

tions  has  previously  been  described  in  detail.  ' Design  specifications  exactly  as 
adopted  for  this  report  are  summarized  in  Table  1. 

Table  1.  Delay  Line  Design  Parameters 


Acoustic  substrate 

41.  5,X  lithium  niobate  (v  = 4000  m/sec) 
A ® 

Transducer  Linewidths/gap  spacings 

1.  2 /im  = 

Center  frequency  (v^/A^) 

833  MHz 

Number  of  transducer  fingers 

6 (single  electrodes) 

Finger  overlap 

770  fim 

Time  delay 

7.  5 /isec 

Fabrication  was  accomplished  by  contact  printing  from  thin  glass  negative 
masters  (see  Appendix  B for  master  specifications)  using  the  "stripping"  or  "lift- 
off  technique.  Here  photoresist  is  first  spun  onto  the  substrate,  the  pattern  then 
exposed,  the  photoresist  developed,  metal  (in  this  case  200A  of  chrome  followed  by 
lOOOA  of  aluminum)  evaporated  into  the  pattern,  and  finally  the  unwanted  photoresist 
stripped  off  in  acetone.  Extreme  care  was  taken  in  the  final  cleaning  of  the  devices 
since  any  dirt  or  island  of  unwanted  metal  could  easily  cause  a time  spurious  signal 
resulting  in  fine  grain  ripple  in  excess  of  0.  1 dB.  In  addition,  liberal  use  was  made 
of  an  acoustic  absorber  as  indicated  schematically  in  Figure  4.  A photograph  of  a 
typical  delay  line  is  shown  in  Figure  5. 


g d b S “ Figure  4.  Schematic  Illustration 

of  the  Use  of  Acoustic  Absorber 

<to  Eliminate  Edge- Reflection 

Spurious  Signals.  Duco®  Cement 
im on.  was  used  as  the  absorber 


4.  Armstrong,  D.  B.  (1972)  Research  to  Develop  Microwave  Acoustic  Surface  Wave 

Delay  Lines. 

5.  Wolf,  E.  D. , and  Weglein,  R.  D.  (1973)  Microwave  Acoustic  Surface  Wave  Delay 

Lines,  TR-7 3-0570,  Hughes  Research  Laboratories,  3011  Malibu  Canyon  Road, 
Malibu,  CA  90265. 

6.  Smith,  H.  1.  (1976)  Fabrication  techniques  for  surface-acoustic-wave  and  thin 

film  optical  devices,  Proc.  IEEE  ^;1361-3187. 
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Figure  5.  Photograph  of  a Typical  SAW  Delay  Line.  Delay  lines 
used  in  this  report  did  not  have  the  intermediate  taps  shown  in 
this  photo 


Using  these  techniques  several  bandpass-ripple/time-spurious-free  delay  lines 


were  successfully  realized.  Time  domain  photos  confirming  this  fact  are  shown  in 
Figure  6 and  insertion  loss  vs  frequency  characteristics  for  three  different  delay 
lines  further  demonstrating  this  accomplishment  are  shown  in  Figures  7 to  9.  The 
solid  line  in  Figures  7 to  9 represents  a least  squares  4th  order  polynomial  fit  to  the 
experimental  data  points  also  shown.  Numerical  data  derived  from  this  fit  is  given 
for  each  delay  line  in  Table  2.  In  addition,  2nd  and  3rd  order  [lolynomial  fits  to  the 
data  of  Figure  7 are  given  in  Figures  10  and  11  respectively.  From  this  data  it  is 
clear  that  at  least  a 4th  order  polynomial  is  necessary  to  properly  fit  the  data.  Corn- 
plate  numerical  printout  corresponding  to  delay  line  No.  1 1 is  provided  in  Appendix  C 
together  with  a listing  of  the  program  used  for  the  least  squares  fit. 

Data  for  Figure  6 were  obtained  using  a standard  time  domain  setup;  the  major 
components  of  which  are  illustrated  in  block  diagram  form  in  Figure  12.  However, 
in  order  to  obtain  insertion  loss  vs  frequency  data  reproducible  to  0.  02  to  0,  05  dB 
(necessary  if  0. 1 dB  ripple  was  to  be  detected)  the  precision  measurement  system 
illustrated  in  Figure  13  was  devised  and  used.  The  heart  of  this  system  is  the  pre- 
cision variable  IF  attenuator:  that  is,  the  relative  insertion  loss  measurements 


Final  time  domain  testing  of  delay  line  No.  12  indicated  a time  spurious  approxi- 
mately 40  dB  down.  This  was  not  present  during  initial  testing  and  it  is  not  known 
when  it  first  developed. 
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Figure  6.  Time  Domain 
Photos  of  the  Response  of 
Delay  Fine  \o.  1 1. 

Center  frequency  of  input 
pulse  = 821. 85  MIlz. 

5 psec/  div. 

TOP:  Clain  setting  showing 
(from,  left  to  rigiit'  HI 
leakage,  desired  SAW 
delayed  output,  small 
spurious  signals,  and 
the  triple  transit  response. 
BOTTOM:  Same  as 
above  except  gain 
reduced  ~G0  dB 
demonstrating  the  low 
level  of  spurious  signals 
fjresent,  (more  (tian 
()0  dB  below  desired 
output' 


between  the  delay  line  path  and  reference  signal  path  were  made  at  30  MHz  by  vary- 
ing the  IF  attenuator  until  the  same  level  was  obtained  for  the  two  paths.  Care  was, 
of  course,  taken  to  regulate  power  levels  to  insure  system  linearity.  In  addition, 
the  reference  attenuator  was  chosen  to  minimize  the  required  variation  in  the  II' 
j attenuation;  that  is,  a proper  "bias"  was  provided.  Note  also  the  use  of  circulators, 

^ , isolators,  and  padding  attenuators  to  minimize  \'.SW  R problems  and  the  use  of  a 

I boxcar  integrator  to  provide  accurate  pulse  comparison  levels.  A picture  of  the 

experimental  system  is  shown  in  Figure  14. 
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Figure  7 . 4th  Order  Polynomial  Fit  to  Experimental  Insertion  Loss 
vs  Frequency  Data  for  Delay  Line  No.  11.  Maximum  deviation  from 
the  fit,  0.  0438  dB.  Minimum  insertion  loss,  25,  16  dB,  Frequency 

of  minimum  insertion  loss  f = 821.  9 MHz 
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Figure  8.  4th  Order  Polynomial  Fit  to  Experimental  Insertion  Loss 
vs  Frequency  Data  for  Delay  Line  No,  12 
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Figure  10,  2nd  Order  Polynomial  Fit  to  Experimental  Insertion  Loss 
vs  Frequency  Data  for  Delay  Line  No.  1 1 
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Figure  11,  3rd  Order  Polynomial  Fit  to  Experimental  Insertion  Loss 
vs  Frequency  Data  for  Delay  Line  No.  11 
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Figure  12.  Block  Diagram  of  the  Major  Components 
of  the  Time  Domain  Measurement  System  Used  to 
Obtain  the  Data  of  Figure  6 
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Coefficients  of  the  4th 
Order  Polynomial 


!■  igure  14.  Photograph  of  the  High  Precision  Measurement  System 
of  Figure  13 


Table  2.  Numerical  Data  for  Three  Delay  Lines  Derived  From  4th  Order 
Polynomial  Fits  to  Experimental  Insertion  Loss  vs  Frequency  Data.  Note 
that  REIATIVE  INSERTION  LOSS  = A + A F + A f2  + A F^+  A F"^  where 
F is  frequency  in  MHz 


Parameter 

Maximum  Peak  Ripple 
(deviation  from 
4th  order  curve) 


Minimum  Relative 

Insertion  

Loss  Actual 


Delay  Line 

No.  11 

Delay  Line 

No.  12 

Delay  Line 

No.  13 

1 

0.  0404  dB 

0.  0450  dB 

0.  0624  dB 

-2.  842  dB 

0.  no  dB 

0.558  dB 

25.  16  dB 

28.  11  dB 

-27.4  dB 

821.  9 MHz 

806.  2 MHz 

810.  1 MHz 

1 

0.  21843989E+4 

0.  18573627E+4 

0. 16221838E+4 

-0. 10710198E+2 

-0.  906883 18E+1 

-0. 80285734E+1 

0.  19864610E-1 

0. 16794319E-1 

0.  15n3774E-l 

-0. 16531944E-4 

-0. 13981667E-4 

-0. 12821448E-4 

0.  52051098E-8 

0.44142330E-8 

0.41304899E-8 

A less  accurate  but  more  convenient  technique  for  obtaining  insertion  loss  data 
is.  of  course,  to  use  a spectrum  analyzer.  Data  obtained  in  this  manner  is  illus- 
trated in  Figures  15  to  17.  In  order  to  obtain  accurate  data  and  avoid  distortion  it 
is  essential  to  use  appropriate  "padding".  In  this  case  10  dB  attenuators  were  used 
at  both  the  input  and  output.  It  is  interesting  to  note  the  degree  of  ripple  inherent 
in  this  measuring  technique  as  illustrated  in  Figure  18.  Here  the  spectrum  analyzer 
gain  and  frequency  scale  settings  of  Figure  17  were  maintained  while  substituting 
a 30  dB  precision  attenuator  for  the  delay  line. 


Figure  15.  Log  Scale  Spectrum  Analyzer  Photo  of 
Insertion  Loss  vs  Frequency  Characteristics  of 
Delay  Line  No.  11.  Center  vertical  crosshatched 
line  corresponds  to  800  MHz  with  horizontal  scale 
100  MHz/div.  Horizontal  crosshatched  line 
corresponds  to  40  dB  with  vertical  scale  10  dB/div 


MM 

Figure  16.  Log  Scale  Spectrum  Analyzer  Photo  of 
Insertion  Loss  vs  Frequency  Characteristics  of  Delay 
Line  \o.  11.  Center  vertical  crosshatched  line 
corresponds  to  800  MHz  with  horizontal  scale  50  MHz/div, 
Horizontal  crosshatched  line  corresponds  to  40  dll 
with  vertical  scale  10  dB/div 


P'igure  17.  Linear  Scale  Spectrum  Analyzer  Photo  of 
Insertion  Loss  vs  Frequency  Characteristics  of  Delay 
Line  No.  11.  Center  vertical  crosshatched  line 
corresponds  to  800  MHz  with  horizontal  scale  50  MHz/div 
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Figure  18.  Same  Spectrum  Analyzer  Settings  as  Used  , 

for  Figure  17  Except  Here  a 30  dB  Attenuator  Keplaced 
the  Delay  Line 

Other  delay  line  data  of  interest  is  transducer  input  impedance.  Experimental  | 

network  analyzer  data  for  the  three  delay  lines  under  study  is  given  in  Figures  19  !j 

to  21.  Using  these  results  and  the  experimental  insertion  loss  data  of  Table  2,  a ! 

theoretical-experimental  study  was  undertaken  in  order  to  determine  the  parasitic  'j 

elements^  associated  with  the  transducer  equivalent  circuit  of  Figure  22.  Here  R I 

and  X represent  the  acoustic  radiation  resistance  and  reactance  respectively;  R j 

is  a parasitic  resistance  including  the  effect  of  finite  transducer  metal  film  resis-  ] 

tivity  and  bulk  mode  generation;  C is  a parasitic  shunt  capacitor;  and  L is  a para-  'i 

y X W ^ 

sitic  "wire"  inductance.  Results  of  this  study  are  included  in  Appendix  D and  ,! 

’i 

Table  3.  A theoretical  Impedance  plot  corresponding  to  the  "best  fit"  values  of 
Rp  = 90  n,  = 0.  3 pF,  and  = 10  nH  is  shown  in  Figure  23.  Corresponding  fre- 

quency  and  time  domain  plots  are  shown  in  Figures  24  and  25  respectively.  Note  !i 

the  good  agreement  between  the  theoretical  and  experimental  frequency  plots  of  Fig- 

O 

ures  24  and  15.  The  parasitic  resistance  value  of  90  Q corresponds  to  a film  re-  a 

sistivity  of  0.57  ohms/square  (neglecting  any  bulk  mode  contribution)  in  reasonable  ^ 

agreement  with  previously  measured  values  of  1.  1 ohms/square  for  similar  films  with  ^ 

200A  chrome  and  800A  aluminum.  All  theoretical  data  was  generated  using  a well-  S 


Figure  19.  Experimental  Network  Analyzer  Photograph 
of  the  Input  Impedance  of  a Transducer  From  Delay  Line 
No.  11.  Frequency  sweeps  from  600  to  1000  MHz.  The 
marker  (dark  dot)  signifies  800  MHz 


Figure  20.  Experimental  Network  Analyzer  Photograph 
of  the  Input  Impedance  of  a Transducer  From  Delay  Line 
No.  12.  Frequency  sweeps  from  600  to  1000  MHz.  The 
marker  (dark  dot)  signifies  800  MHz 


Figure  21.  Kxperimental  Network  Analyzer  Photograph  of 
the  Input  Impedance  of  a Transducer  From  Delay  Line  No.  13. 
Frequency  sweeps  from  600  to  1000  MHz.  The  marker  (dark 
dot)  signifies  800  MHz 


Figure  22.  Equivalent 
Electrical  Circuit  of  an 
Interdigital  Transducer 
Including  Elements  to 
Model  Parasitic  Effects 
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SMITH  CHART  FRtQS  H PROP«-DIFFR  LOSS  RPs90.  OHMS  CXsO.3  PF  lW=IONH 

Figure  23,  Theoretical  Input  Impedance  Plots  of  the  Interdigital  Transducer 
Used  for  the  Delay  Lines  of  this  Report.  Best  fit  parasitic  element  values 
are  included  as  follows;  Rp  = 90  ohms,  = 0.  3 pF,  and  =10  nil. 

SAW  substrate  is  41.  5,  X lithium  niobate.  Compare  to  experimental  data  of 
Figures  19  to  21 
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F'igure  24.  Theoretical 
Insertion  Loss  vs 
_i  Frequency  Plot  for  a Delay 
Line  as  Described  in  This 
Report.  Best  fit  parasitic 
element  values,  propagation 
loss,  and  diffraction  loss 
included.  Compare  to 
experimental  data  of  Figure  15 
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Figure  25.  Theoretical  Time  Domain  Response  of  Delay  Line 


Table  3,  Delay  Line  Theoretical  Insertion  Loss  at  800  MHz 
as  a Function  of  Parasitic  Element  Values 


— 

R (ohms) 

P 

(pF) 

L (nH) 
w 

IL  (dB) 

(at  800  MHz) 

0 

0 

0 

24.  24 

150 

0 

0 

33.  36 

150 

0.3 

0 

33.51 

150 

0.6 

0 

33.74 

150 

0.  9 

0 

34.  02 

75 

0.  3 

0 

29.  11 

75 

f 6 

0 

29.41 

0.  9 

0 

29.76 

75  ^ 

0.  3 

5 

27.  33 

75 

0.  3 

10 

25.  65 

75 

0.3 

15 

24.  24 

75 

0.6 

5 

27.  25 

75 

0.6 

10 

25.  22 

75 

0.  6 

_ 15 

23.  62 

150 

0.  6 

5 

32.  06 

150 

0.6 

10 

30.48 

150 

0.6 

15 

29.  14 

150 

0.3 

5 

32.  27 

150 

0.  3 

10 

31.  12 

150 

0.  3 

15 

30.  14 

90 

0.  3 

10 

26.  86 

90 

0,  3 

8 

27.45 

90 

0.4 

8 

27.30 

3.  AMPLIFIERS  AND  EQUALIZERS 

As  indicated  in  Figure  1 each  delay  module  includes  an  amplifier  and  an 
equalizer  in  addition  to  the  SAW  delay  line  described  above.  These  two  additional 
components  were  purchased  commercially,  although  the  equalizers  required  prior 

3 

development. 

Amplifier  specifications  are  shown  in  Table  4.  Note  the  concern  with  flatness 
in  order  to  avoid  fine  grain  ripple  as  discussed  in  the  delay  line  section.  Point  by 
point  frequency  data  on  an  earlier  (30  dB  gain  over  a slightly  different  frequency 
range)  amplifier  design  is  shown  in  Figure  26.  Low  ripple  was  achieved.  A 
photograph  of  one  of  the  final  amplifiers  is  shown  in  Figure  27. 


Locus,  Inc.,  Box  740,  1517  Science  Street,  State  College,  PA  16801 


Table  4.  Specifications  Used  for  Procurement  of  Amplifiers, 
Note  the  center  frequency  of  800  MHz  and  bandwidth  of  240  MHz 


A.  Minimum  gain:  40  dB 

B.  Gain  flatness  (680  to  920  MHz):  ± 0,  1 dB  (if  possible 

achieve  ± 0.  05  dB) 

C.  Maximum  noise  figure:  3.5dB 

D.  Minimum  power  output  for  1 dB  gain  compression:  * 10  dBm 

E.  Maximum  input  VSVVR:  1.25 

F.  Maximum  output  VSWR:  1.25 

G.  OSM  connectors 

H.  Maximum  size  (excluding  connectors):  7 -1/2  cubic  in.  (no  min) 

I.  Maximum  weight:  3. 5 oz  (no  min) 
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Figure  26.  Point  by  Point  Measurement  of  Amplifier  Gain  vs 
Frequency.  A circuit  similar  to  that  shown  in  Figure  13  was 
used  to  obtain  this  data 
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Figure  27.  Photograph  of  One  of  the  Flat  Gain-vs-Frequency 
40  dB  Gain  Amplifiers  Used  for  the  Delay  Modules 


Equalizer  specifications  are  shown  in  Table  5 and  Figure  28.  A linear  scale 
spectrum  analyzer  photo  of  equalizer  No.  13  (designed  for  delay  line  No.  13)  in  as- 
delivered  condition  is  shown  in  Figure  29.  The  effect  of  instrumentation  ripple  is 
shovTi  in  Figure  30  where  a trace  (with  adjusted  gain)  corresponding  to  removal  of 
the  equalizer  is  superimposed  on  the  equalizer  trace  of  Figure  29.  Padding  used 
in  both  cases  here  consisted  of  20  dB  attenuators  at  both  input  and  output.  The  input 
impedance  characteristics  of  each  port  of  this  equalizer  are  shown  in  Figure  31  and 
a photograph  of  the  equalizer^  itself  is  shown  in  Figure  32. 


Wavecom,  Inc., 


9036  Winnetka  Ave. , Northridge,  CA 


91324. 
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Table  5.  Specifications  Used  for  Procurement  of  Equalizers 


Equalizers  to  compensate  AF  gain  curves  to  produce  an  overall  system 
response  vs  frequency  flat  to  at  least  ±0.1  dB.  (Achieve  ± 0.  05  dB 
if  possible. ) 

Center  frequency  and  3 dB  bandwidth  to  be  taken  from  attached  curves 
(an  example  of  one  curve  is  given  in  Figure  28). 

Equalizer  maximum  attenuation  to  occur  at  center  frequency. 

Insertion  loss  at  end  (3  dB)  points  no  greater  than  2.  0 dB. 

Minimize  phase  distortion  caused  by  equalizer. 

Maximum  VSWR  1.5 

No  rigid  specifications  on  size  and  weight  although  minimum  is  desired 
and  design  goals  can  be  considered  to  be  less  than  8 cubic  in,  and  less  than 
2 oz. 

Adjustments  available  on  finished  devices: 

Center  frequency  adjustable  over  a range  of  at  least  5% 

(±2.  5%). 

Frequency  end  points  (3  dB  band  edges)  adjustable  over  at  least 
5%  (±2.5%). 

Minor  trim  adjustments  to  compensate  deviations  from  AF  curves 
of  up  to  0.  3 dB.  (Note  that  these  deviations  will  be  regular  and 
not  fine  grain  ripple. ) 


Figure  28.  Example  of  a 4th  Order  Polynomial  Curve  Fitted  to  the  Insertion 
Loss  vs  Frequency  Characteristics  of  Delay  Line  No.  13  as  Supplied  to  Vendors 
With  Equalizer  Specifications.  See  Tables  2 and  5 
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r'i£;ure  20.  I.inear  Si-alo  Insertion  Loss  vs  rref|neiu'v 
Characteristics  of  (lain  IViuali/er  \o.  12  \s -Keceiveil 
I'rom  Waveconi.  Center  \ ertical  crosshatclicsl  line 
corresponds  to  800  Mil?  with  horizontal  scale  aO  Mllz/div 


I'itinre  .’10.  Illustration  of  InstrniiK'ntat  ion  l!ip|)lc  hv 
Means  of  Supi'ritnposed  'I'racc  W ith  r'pializcr  Hcmovi 
(and  c.iin  redneed)  on  Photo  of  I'icnre  2''.  ( enter 

vertical  erosshatclied  line  corresponds  to  800  Mil/ 
with  horizontal  scale  SO  Mllz  'div 


Figure  31.  Experimental  Network  Analyzer  Photograph."; 
of  the  Input  Impedance  Characteristics  of  Each  Port  of 
Equalizer  No.  13  With  As -Received  Settings.  Frequency 
sweeps  from  600  to  1000  MHz  with  marker  (dark  dot)  at 
ROO  MHz 


Figure  32.  Photograph  of  One  of  the  Equalizers  Used  for  the  Delay 
Modules 


4.  OVERALL  MODULE  PERFORMANCE 

Having  described  the  individual  characteristics  of  each  of  the  three  components 
of  the  delay  module,  overall  module  performance  will  now  be  discussed.  That  is, 
the  three  components  are  interconnected  in  series  as  shown  in  Figure  33.  Note 
that  in  some  cases  use  of  small  (1  to  6 dB)  attenuators  between  components  im- 
proved performance;  that  is,  reduced  ripple  at  a given  bandwidth. 

4.1  Individual  Module* 

The  insertion  loss  vs  frequency  characteristics  of  module  No.  11  are  illustrated 
in  Figures  34  and  35.  The  equalizer  was  adjusted  for  optimum  flatness  over  maxi- 
miun  bandwidth.  Performance  is  excellent.  An  ultra  low  ripple,  flat  bandpass  was 
achieved  over  a 230  MHz  bandwidth.  As  illustrated  in  Figure  36  much  of  the  ob- 
served ripple  is  caused  by  instrumentation;  so  it  is  difficult  to  quantitatively  specify 
the  ripple  achieved  by  the  module  alone.  However,  we  do  note  that  data  obtained 
from  using  the  linear  scale  spectrum  analyzer  calibration  photo  shown  in  Figure  37 
indicates  total  ripple  of  the  order  of  0.  3 dB 
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Figure  34.  I, inear  Seale  Speetruni  Analyzer  Photo  of 
Frequency  Characteristics  of  Delay  Mochile  No.  11. 
Center  vertical  crosshatched  lino  corres[)on(ls  to 
800  Mfiz  with  horizontal  scale  .10  Mllz/div 


Figure  35.  Linear  Scale  Spectrum  Analyzer  Photo 
of  Frequency  Characteristics  of  Delay  Module  No.  11. 
Center  vertical  crosshatched  line  corresponds  to 
800  MIIz  with  horizontal  scale  100  MHz/div 


Figure  36.  Illustration  of  Instrumentation  Ripple  by 
Means  of  Superimposed  Trace  With  Delay  Module 
Removed  (and  gain  adjusted)  on  Photo  of  Figure  34. 
Center  vertical  crosshatched  line  corresponds  to 
800  MHz  with  horizontal  scale  of  50  MHz/div 
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A'Mitional  insoi-tion  loss  vs  I'foquonry  >l:ita  for-  modulo  \o.  1!  is  aivon  in  I'd'a- 
iifos  dt!  to  in-  hofo  on  a > .ilihratod  loji  soalo.  'rids  modulo  providi-s  ippfoximatoly 
10  in  .ain.  I hits  lonyoi-  I inio  lolais  af  o possihl  o \i  ithin  oarh  modulo  u hi  li-  si  il  I 
I:,  lint  liidn.'  o\'ofall  Ion  insoftion  loss. 


l-'iaufo  'M'l.  hisortion  l.oss  vs  hfi-qiionoy  t'hafaotofistii-s 
>r  Dol-av  Modulo  No,  11  on  a (’al ibf atod  dll  Soalo.  Contor 
liofi/.ontal  r fosshatohod  lino  ooffOS|)onds  to  0 dll  with 
10  dll'div  on  voftioal  soalo.  Noto  modulo  providos 
.qipfoximato  ly  10.  .A  dll  iiain.  ( 'ontoi- vortioa  I ofosshatohod 
lino  roffosponds  to  tiOO  MU/  with  hofi/.ontal  soalo  fiO  Mil/ div 


l■'i^ure  3!'.  Insertion 
Loss  vs  l-'r-equencv 
Chararteristies  of  Dolav 
lilodule  \o.  11.  t'ertical 
seal?  10  ill!  'div  with 
center  horizontal  cross- 
hatched  line  correspnndin 
to  0 dl?  insertion  loss. 
Horizontal  scale 
100  MHz /tli\-  with  center 
vertical  cros.shntched 
line  corre.spondine  to 
800  Mil/ 


l■'icure  dO.  Insertion 
Loss  vs  l-'retpiency 
Characteri.sti  cs  of 
Delay  Module  Xo.  ll. 

\ ertieal  scale 
10  dH/div  with  center 
horizontal  cros.s hatched 
line  correspondiny  to 
0 dB  insertion  loss. 
Horizontal  scale 
200  IMIIz/div  with  center 
vertical  crosshatched 
line  correspondiny  to 
800  Mllz.  The  delnv 
module  makes  a rood 
bandpass  filter 


I'requency  characteristics  of  delay  modules  No.  1,3  and  No.  12  (corrcspondinc 
to  Kitjures  34  and  38  for  module  No.  11)  are  .shown  in  Kifiures  4 1 and  42.  Lor 
these  modules  superior  performance  was  obtained  by  using  low  value  (4  IH  for 
module  \o.  13  and  3 dB  for  module  No.  12)  attenuators  between  the  del.iv  lines  and 
equalizers.  Total  ripple  achieved  for  module  No.  13  was  '0.2  ilB  while  a larrer 
value  of  ~0.  .0  dB  for  module  No.  12  was  obtained. 
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I!  At  this  point  we  cascade  the  three  modules  as  |)er  the  roal  outlined  in  I'itrure  I. 

I•'l■e^uencv  characteristics  are  shown  in  I'iKures  43  and  44.  Arain.  performance  is 
qood  with  ripple  estimated  at  0.5  dli.  Since  it  is  our  intention  to  pro\’ide  leedhack 
as  illustrated  schematically  in  I'iiJure  45  in  order  to  simulate  the  cascadinu  of  manv 
modules,  overall  tjain  had  to  be  reduced  to  less  than  unity.  This  was  accomplished 
bv  placint;  3 dll  attenuators  at  the  input  (before  delay  line)  to  c’ach  module  and  a 
1 10  dB  attenuator  between  the  directional  couplers.  The  feedback  loop  w.as,  of 

I course,  broken  in  order  to  obtain  the  data  of  l•'icures  43  and  44. 

The  overall  time  domain  performance  of  the  cascaded  mo<lules  of  I ijure  45  is 
illustrated  in  Kigures  46  to  50.  Here  input  consisted  of  an  ~0.5  psec  111-  pulse 
centered  at  approximately  830,7  Itlllz,  this  is  the  first  pulse  in  the  top  photo  of  each 
figure.  Although  delays  of  the  order  of  2 msec  are  illustrated,  our  interest  will  be 
concentrated  in  the  500  psec  range.  Here  input  pulse  shape  is  fully  maintained  as 
illustrated  bv  comparing  l-'igures  40  and  50  and  insertion  loss  vs  frequency  ehai'a<-- 
teristics  are  expected  to  be  i-easonable.  .‘some  spurious  signals  attributed  to  trdple 
transit  are  noticeable  (see  I'igures  48  and  50)  since  tlie  three  present  delav  lines 
were  fabricaterl  from  a single  mask  for  convenience.  'I'lius  all  time  delavs  were 
identical  preventing  triple  transit  cancellation. 
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I'igure  43.  1, inear  Sc.ale  Speidiuim  Analv/er  I’lioto  of 

I'recpiency  ( 'liaracteristics  of  Three  t'asca  led  I'elav 
Modules.  ( 'enter  vertical  crosshatched  line  corri-s- 
oonds  to  800  ,MII7  with  hori/ontal  scale  50  Mil/  li\ 
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Figure  44.  Calibrated  Log  Scale  Spectrum  Analyzer 
Photo  of  Insertion  Loss  vs  Frequency  of  Three  Cas- 
caded Delay  Modules.  Extra  attenuation  added  to 
reduce  gain  below  unity  for  later  use  in  feedback  loop. 
Vertical  scale  10  dB/div  with  horizontal  crosshatched 
line  corresponding  to  0 dB.  Horizontal  scale  50  MHz/div 
with  vertical  center  crosshatched  line  corresponding  to 
800  MHz 


Figure  45.  Schematic  Diagram  of  Feedback  Loop  Used 
to  Simulate  the  Cascading  of  Many  Delay  Modules.  Less 
than  unity  loop  gain  maintains  a linear  system 
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Figure  46.  Time  Domain  Performance  of  Cascaded 
Modules  in  Feedback  Loop.  Center  frequency  of  RF 
pulsed  input  is  830.8  MHz.  Input  pulse  is  highlighted 
(darker).  Horizontal  scale  200  usec/div 
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tional  letail.  Scope  yam  also  inereaseil 


mmm 


■'  1 

— 

1 

} 

n . 

I 'iuiifo  I''.  Titno  1).  •main  1 ’orfoi'mam'o  ol  Cascade. 1 
Mndiilcs  in  rcodbat'k  l.oop.  ( ontoi-  t'n('i|iioiu'v  of  III 
piilso  iidO.T  .Mil'/.  Trip:  100  pM'c/'div  uith  I'inst 
Inlayod  pulse  hip'hliehtnd.  Unttoni;  0.  a ;j '^ec  ’ .liv 
hlowut)  of  the  lni,dil ii>lit(’d  pulse  shnwine  adilitinnal 
detai  I 


l•'iL,’'Ul•f'  ."lO.  'I'inu'  Doniaiii  I ’crrofniama'  of  ( 'ascadocl 
IMothilrs  in  ^'f'<■“lH■)ac-k  l.onp.  ('cntor  ri-i'qucncy  ol’UI' 
piilr.o  8?.0.  7 MIIz.  'I'np:  100  pana/ciiv  with  liL’ihl 


ilelayP'l  pulsr  liiijhl iylitod.  Holtnni:  0.  f)  /j  sec /iliv 
hlnvvup  of  the  hiijlitijrhlod  inilsp  sliowina  additional 
dotail  iiu'linlint;  spurdoiis.  Scopo  f,'ain  also  inoroasod 


Insertion  loss  vs  frequency  characteristics  for  the  22nd  delayed  pulse  (corres- 
ponding to  a time  delay  of  498  psec)  are  shown  in  Figure  51.  As  expected  the 
slightly  non-flat  frequency  response  of  the  original  3 cascaded  modules  illustrated 
in  Figure  43  is  accentuated  or  magnified  by  the  continuous  recirculation.  This 
would,  of  course,  not  occur  in  an  actual  case  where  all  different  delay  modules  would  be 
used.  However,  simulation  of  the  actual  case  certainly  provides  sufficient  informa- 
tion to  evaluate  the  <ielay  module  concept,  and  that  was  the  intent.  From  the 
13  dB  ripple  shown  in  Figure  51  and  the  22  recirculations  involved,  it  can  be  esti- 
mated that  the  three  cascaded  modules  caused  ~0.  6 dB  ripple  on  each  pass;  in  good 
agreement  with  data  obtained  from  Figure  43. 


FREOUENCYIMHiI 

Figure  51.  Insertion  Loss  vs  Frequency  After  498  psec  of  Time  Delay 
Using  Cascaded  Delay  Modules  With  F'eedback  Loop 

5.  SUMMARY  AND  CON(;LlJSIO^S 

A technique  for  achieving  low  loss  (in  fact,  up  to  10  dB  of  gain  has  been  achieved), 
ultra-flat  frequency  response,  wide  bandwidth,  delay  modules  has  been  demonatratcd. 
Each  module  consists  of  a SAW  delay  line,  an  equalizer,  and  an  amplifier.  Bass 
band  flatness  of  up  to  0.2  dB  (±  0.  1 dB)  over  215  MHz  centered  at  800  MHz  has  been 
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achieved  for  a module  having  7.  5 /isec  of  time  delay.  Longer  delay  increments 
could  be  used  in  future  designs  due  to  the  excess  gain  referenced  above.  Cascading 
three  modules  and  using  a feedback  loop  to  simulate  additional  cascade  elements 
has  resulted  in  a linear  500  jiaec  delay  system  over  a 200  MHz  bandwidth.  In  this 
case  since  22  recirculations  through  the  same  modules  were  required,  bandpass 
ripple  could  not  cancel  resulting  in  an  overall  value  of  13  dB. 

Further  use  of  this  technique  will  depend  on  an  analysis  of  its  advantages  and 
disadvantages  when  compared  to  alternate  schemes  in  a given  application.  For 
example,  although  SAW  delay  line  <iesign  and  fabrication  is  quite  simple  and  low 
passband  ripple  easily  achievable  in  the  present  case  as  compared  to  designs  in- 

9 10 

corporating  a flat  passband,  ’ an  equalizer  is  required.  Or  again,  use  of  a high 
center  frequency  allows  a low  percentage  bandwidth  to  easily  achieve  a large  abso- 
lute bandwidth.  However,  this  results  in  high  propagation  toss  when  compared  to 
lower  frequency  designs which  therefore  achieve  longer  time  delays,  before  re- 
quiring amplification.  Finally,  use  of  bulk  acoustic  wave  devices  to  achieve  the 
required  delay  would  have  to  be  considered  in  any  applications  analysis.  All  of 
this  is,  however,  beyond  the  scope  of  the  present  paper.  The  goal  here  was  to 
successfully  demonstrate  the  cascading  of  individual  .SAW  delay  modules  in  order 
to  achieve  long  time  delays  over  wide  bandwidths  in  a linear  system.  This  goal 
was  attained. 
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Appendix  A 


Time  Domain  Spurious  and  Frequency  Ripple 


The  purpose  of  this  appendix  is  to  investigate  the  effect  of  a spurious  output 
time  signal  on  the  output  frequency  response. 

Consider  a desired  output  yj^(t)  and  a spurious  output  occurring  at  a time,  t^, 
later 


yg(t)  = Ryp(t  - t^) 

where  R is  the  relative  scale  factor  between  signals. 

These  time  signals  have  the  following  frequency  spectra 

-j2trft„ 

yg(t)  R e yj^(f) 

and 

-jZ'Tft 

yTOT<^>  - ^ ^ ® " ■''tot**'' 

^TOT  rewritten  as 

yj,Qj.(r)  = yD<n  f 1 + R cos  (-277ft^)  + j R sin  (-277ft^)i 


(Al) 


(A2) 

(A3) 


(A4) 


{AS) 
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yTOT<^)  = yD(f)  f 1 + R cos  277ft^  - j R sin  2rrft^] 


|y^Q^(f)|  = + R cos  27rft^)^  - (R  sin  27rft^)^ 

where  y^tf)  has  been  assumed  real. 

Rewriting, 

ly,j.^,j,(f)|  = yD(n  f 2 R cos  2;7ft^  f R^  (cos^  27Tft^  t sin^  27rft^) 


|y,j,Q,j,(n|2  = yj^2  J(1+r2)  + 2 R cos  277ft J 


This  function  is  sketched  in  F’igure  Al. 


Figure  Al.  Illustration  of  Frequency 
Ripple  Due  to  Time  Spurious  Signal 


Ui^ntD  iiM 
kE^;Hl'4NTS 
’»■;  If' 


The  ratio  of  the  maximum  to  minimum  signal  is 

l+R^+2R  (1  ^R)  (14^  R)  . / :+ R 

^ 14  r'^-^  ' ~ ^ ~ ' ’ 


Thus  peak-to-peak  ripple  in  dB  is  given  by 
Ripple  in  dB  = 20  logjp  t n ] • 


The  relative  time  domain  strength  of  the  desired  and  spurious  signals  is  most 
often  given  in  dB  (power).  That  is. 
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Rjj(dB)  = 20  logjQ  R 


Appendix  B 

SAW  Delay  Line  Master  Specification 

This  appendix  provides  the  detailed  specifications  used  in  ordering  the  SAW 
delay  line  interdigital  transducer  chrome  masters.  These  details  are  as  follows. 
(Note  that  the  intermediate  taps  or  inner  transducers  were  not  used  for  this  report.  ) 

All  transducers  are  of  the  interdigital  type.  All  line  widths  are  to  be  1.2  pm 
and  spacings  are  to  be  1.  2 pm  for  center-to-center  distances  between  adjacent 
fingers  of  2.  4 pm. 

There  are  four  transducers  in  each  set  and  two  sets.  All  of  the  transducers  in 
a set  must  be  parallel  to  each  other  to  within  30  sec  of  arc. 

The  two  outer  (Type  0)  transducers  in  each  set  are  to  have  6 lines  or  3 pairs. 
The  two  inner  (Type  1)  transducers  in  each  set  are  to  have  3 lines  or  1-1/2  pairs. 

Chrome  thickness  is  to  be  suitable  for  exposure  of  photo  resist. 

For  other  physical  dimensions,  see  Figures  B1  and  B2. 

The  transducers  are  to  be  clear  on  a chrome  field.  For  dimensions  of  the 
chrome  field  refer  to  Figures  B1  and  B2.  IMPORTANT : The  long  edges  of  the 
chrome  field  are  to  be  parallel  to  ± 1 min  to  the  two  transducer  center  lines  and 
perpendicular  to  the  short  edges  of  the  chrome  field. 

A clear  reference  mark  is  to  extend  along  the  overall  center  line  between  both 
sets  of  transducers  a distance  of  approximately  3.  5 mm  into  the  chrome  field.  It 
is  to  be  approximately  0.  003  in.  wide.  The  overall  center  line  is  to  be  perfectly 
parallel  (±  1 min)  to  the  two  transducer  center  lines. 
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Figure  Bl.  Closeup 
of  Interdigital 
Transducers.  Note 
that  double  electrodes 
are  not  used  and  that 
dummy  electrodes  are 
not  used 
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Figure  B2.  Overall  View  of  Master  (not  necessarily  to  scale) 


The  following  masters  are  to  be  supplied  (on  2 in.  X 2 in.  glass  slides). 
Quantity:  2 Description:  0211  cover  glass  0.0075  to  0.0098  in. 


58 


Appendix  C 


Frequency  Response  Data  and  Curve  Fitting  Computer  Program 


This  appendix  provides  the  numerical  frequency  response  data  corresponding 
to  delay  line  No.  11  in  the  form  of  a test  case  for  the  Curve  Fitting  Computer  Pro- 
gram.* This  is  preceded  by  a listing  of  the  program. 


Provided  by  T.  Persakis  and  P.  Tsipouras. 


o ^ o ui 

^ ^ 7 

M ItJ 


< o « 

M 7 i-i  Hi 
X ► C 0^ 

o ^ o < 

X a X 

> a > cn 


T irt  u,  ^ O'  * 

t-4  0£  o i/i  Ui  t 

OH*  **  O I 

a u.  uj  ^ uj  : 


H>  Ui  QC  ui  X t 
3 X o X 


o lii  w uj  I % 

(ij  lU  X < 

or  or  0.  0^  o . 

UJ  o iJi  o X ( 


»-  z ^ , 

«H  O <\J  (L  ( 

z z z x z : 


a 3 o C)  • 

t z z a z o z 

II  w M z a 

.iiOXK^II«'D 

J »-  11  z _l  K - O 

t tL  00<0li-UiZ 
»ZZOUZi-*0:Ui 


«a  *^3 

14  0 « Z Z 


; • tj  z n N *H  o: 

■«4Z«  II«-4»m«»»-3 
It  It  «l»  «H  II  fH  z K 3 
*«4Z  II  Q.O*-<'-’Ob>Z 
>X</^XZC'i/>>'00'Ui 


C>C;COOC<C'OC. 


59 


SU'^ROUTINE  POLYFT  T4/74  OPT=l  FTN  •*. 5*1.14  iZ/ij/Ti 


FOP1UL»TION  Of  normal  .'OUATIONS  POLru29C 

00  3 J*1,<T0R 

00  3 1*1, N POLY0313 

3 SUMXCJI.  SUMXIJI  ♦irm**J  P0LYi32; 


S £ M S 2^ 


•*  CJ  O tj  **»  rj  C*  o 


f»  ■ . «->  o c>  • > o <a  o •_*  o o ra 
(\iro  *ii>>i>K409^O«-|Mf^.^ 
.n  .n  .A  A lA  .A  A >A  K.  tk.  tw 


OOOOOOOOOOOOOOOOOOOOOOOOOOOOO 

&aaQ.a.xQ.&^aa(L&a.a.aa.a.acka.aa.a.a.(La.Q>a 


•n  o u I • n >3  t>  ' ■ tj 

к. k.kk.k.«<q<o« 

c9  o 'j  .a  -9  a (9  '9  o 

ooooooooo 

аа. Q.a.a.a.a.cLa. 


4 K K *>  4 

'a  * *»  j 

• V Of  3 X 

> O to  X < 

■XX  Z X 

• S • M » 

; tA  ^ v4 

> N n N It 

) II  ^ «r  Ak 

► X 

I Z 46  Z 40 

> « < X 

: uj  Ui  > 

> X O X O X 

> « o < o 


••  V • 

« C)  Ak  • (4j 

* « • «4  O H 

4 O UJ  «A  UJ  M O 
II  DO*  • 

i N Z II  Of  o o 
' A.  X M 0*4 
I *H  X u>  Ak  X II 

X X W a4 

> W ^ o *'  U.  o 0. 

» < O O U M o « 


Of  • Of  « 

X O X o 

X IH  X • 

• W «k  «.4 

Al  • < • tH  I 

II  ♦ A.  «i>  Of 

X V4  ^ U O 

I I •»  X 

*■4  e X & M II 

• ^ II 

M «4  II  II  II  A.  X 


r 


1 


U 

O « 


I > 


V o 


X f\t  94  t\i 

X mi  ^ uitt  o«4v4tsirs4(M 

•iOtt,so<T'*»o  0'<rC' 

a a « z ^ *- 

OO'  M>»^ 

^ttM^IlZZZZZZ 
^ciaz 

«><oco  oara  ara 
u(/>>uzau.aaaa 


PPINT  0I»4,  CO*  IC<  J>  « JslvNO) 

pp;nt'  q?6 

79  PPINT  9?4*  SRES*  STDtRP.STDV 


35  00  CONTINUE 

FIRST  DERIVOTIVE  OF  THE  CUBIC  POLTNONIAL 
01*3.  F*Ct3> 

D1>2.0*C(2I 


X2=X(NI 

S1=PT 


• j ri 
K *0 
fy  fvi 


Of 

» 


: (H 

' • 

> w4 

• or 


Of 

» 

ftf 


Si 


Of  O O O z 
D K Z ♦ M 
K ^ 9 

► • • 


* 0^0  » 


M *0 


<*  tTk 
«»  O- 

u 

I M ^ 

) O Z I 

z »>« 

• M < 


U>  5 
Z • 
O M • 


. w^O^t 

• tA  O « 

• N O 


' ^ K 

> z o rv4  o.  • 

• • • • » K 

I O O ^ 


w4  OC 

or 


IZ  O' 

• • 

o o 


^ CNJ  V >< 

et  • • o 
» » lu  UJ  C9 

uj  e tf\  o o B 

O IM  j 


w «-  o 

t N u.  z 

f X I . 

o if%  U>  ^ 


o ^ tf'  tn 


•*»  » 

.>«  » » 
fO  o • 
» • » 
«.>  o » 
• » # 
o O » 

» z • 

M * 

(Z  z » 


in  o » • 


* * f 

^ •>  i 


X v 
O «»  I 
N Z ’ 


t 3 


^(tO^H-Cr  II  KO 


• »-«-'««u,uzzz:_  _ 

ZU.U.  I 


> CL  M M (L  IM  : 


4 nj 

MKHO^QCOMMI 
KZZwoo^Kori 
7 >H  M «i>  w z II  : 

OQ'Q'U.U.OO^I 

oao-MMoocfe;i 


' O'  u. 
) 

h-  o 


Uj 

gs 

M 


» Z X o o o 

* IH  > CC  IT  (D 

i » Z I X Z X 


11  M 

o z K 

r M r 
*-*  QC  o 
X a u 


4 (D  o nj  or  c>  rr> 

• Z ^ • X ^ • 

»xc/XX»-c3X  *0 

t IZ(A(A(AUIIAOLu{AC^UJ 

• • ••  •• 

• Q^Z^^^ZUOZ^CiZ 

u.«  u. 

»CA^OOOfHO  IHO 

• «H  CM  «H  r<j 


o ^ 

CD  O 

X 4* 
X • 

lA  o 

^ o 


or  Of  I 
Ul  Ui  I 
OP  00  I 
X X I 
D 3 i 
Z Z I 


CALL  PLOT(lb.O,0.0 


q;  o 
o o a 

o » n 


(Vj  M M M 
K K 
V V » • 

A ^ *4 

O O O X >« 

•r  o o **  **  < 


O — w 

uj«  euj  ^</>^*4«4eiiJ  ii> 

(r4*ZX«42  flBS 
Z**  Z OGD0M«  Z VZZ 

MSk  OM  t^OIlZZOM  U ^OC 

h-C^K^KM  H I HS 


4 o:  M Sk 
• e 3 c ^ K 
r II  f-  z I II  II 


II  f-  Z I II  II  Z II  O II  M 11  II  Z II  II  z K o 
Ofujo  N0rv4OOQro^M<HMOOtf«4Oujr 
ZQfUXZO^OOZI/^KKfrtt'OOZCtOtfl 


- .^ 


subroutine  PLVRTlfBN0l0H,8N0UP«RT»Nf AO  tAtCRRORtOISTNS) 
DINENSION  AdOOl 
PRINT  S0«N 


OL?  * PLl 
X2sXl 


^0  TO  100 
400  'continue 

ROOT  = X1-0LI*<X2-X1I/I0L2-0L1> 
GO  TO  423 
420  ROOTaX 


_i  ► 

o ^ 
a.  o 

» a 

^ » 

O h- 

o o 
« o 

» (X 


(MX  w4  « 


Is;-*  K. 


O'  w > 
O M U.  I 
U.  bl  M C 


UJ  U.  • 

OX  X 

X *-  cn  o 

3 f*  X 

a </*  Of 

CD  M M Ui 

o 

« o z 

UJ  M of 

a — T 

(4  *4  4 ^ 

3 •! 

4 M * (O 

UJ  M 4 « (/) 

Z Z Z O UJ 

V M O H O'  ^ 

N z a 

vO  (/)  > Z • Ul  (/I 

• M • ^ u O M 

\0  • ^ O O UJ  z 

M oa4a.io  Z4«. 

Ul  Z 3 M M X «H 

» 30ZUtV>  (/)MX 
O Z O Z >-  UJ  I 
X U.(SZMZ  OOlfM 
O X UJ  VI  K 

♦ ZUJK 

(M  MOOOO  0-1 

X Z Q.  M Of  U. 

O M3  ZU.  aVjO 

«i'  OOUiZtb  bJM 

• OODZUiUJZ  Uj 

M Of  MMO  Z>-3 
O—  X U03^^ 

• kA_JUiU.M  MZ04 

ro  •4ZOZU.  MO.> 

XOUIO  40MX 

(NJOf^UJM  ll4b.UJ 
ZUJ  UJ(/1XtHZOM 
iO(\iUiUiaz<  3 

AiM  »ZZOOV«UJbi.J 
X * OMUJO0fOZ3O 
• XZ  O 4U.»-^(/) 

MOMMV)  UJ  4(0 

ObiefMwMMUiZtU  »V)^4 
®3fcw  af  XMZMM 

Z MMXZM  M*  UIUjZ 

0MM44^0  (/)  •OfZZOr 

MMZZZa.l(/>MV)XOMM3 
ZMao  CM  M a MC 

ooQfoozz  o ua;u.b.ujz 

00CLU.U>MCDZ440Ul*-iMQfUJ 

C'  C-  O CJ  (J  O O C>  C) 


O X 
Z M 


^ Z 
O M 
a M 
z 


-I  o 
3 Z 
Of  X 

t/)  o 

z a. 


Of : 

o » 
z 


o *<• 

0.  a 


M U.  O 
4 O M 

-J  z 

3 U)  4 • • 

U 3 O M 

.1  «J  Z M 

4 4 0 II  M 

O > M M 

V)  «k  O ♦ 

^ Z Z M w M 

Z Ui  M I 

z ■>  r z z 

^ M M w o II 

CL  O O (T  O 3 


i : 


68 


9CJ)  s AIJI  ♦ X*9fJ^l> 
100  CONTINUE 

POLY  = AO  ♦ X*8C1> 
RETURN 


INO.  VAR.  ) V ( OEP.  VAR.  ) VC  ( COHPUTEO  V I RESIDUAL  < Y - VC  ) lliO'IY-YO/Y 


f til  iaJ  iJ  iaJ  UI  J 
» OY  .O  CNJ  (7*  C9  < 
A -3  J fTt  (T*  PO  ( 
I « 9 «4  0 < 

« H >>  .X)  > O •Xi  t 

► M ^ lA  ^ .O  “T*  < 

I 'O  J <i>  * I c 

, o r*>  ^ ts.  O'  i/\  ( 

> 9*  « fO  9^  >0  f 


I I • t • I I I I I I I I I I I 


>30-999 
t I I • I 

i ‘U  Ui  Ui  UJ  )aJ  t 
I N.  .t  « fsl  sO  P 

> ov  vO  ^ 9 ro  r 

r (M  K \0  9 c 

t rsj  «o  « 9«  t ( 
r 40  «4  .9  o t<»  f 

> > Ift  <v»  w » 

> lf\  9«  «4  UN  « « 

t t (M  >0  I 


> e v4  v4  O o 

19  >339 

• ♦ I I ♦ ♦ 

I Ui  U UJ  O 'j 
4 (Si  *0  -O  r*)  «9 
I « K J 
. t4  « lO  (M 

> 04  lO  04  fV) 

> vO  in  (SJ  « 

I sO  <A  t ^0 

) e fp)  h-  u>  US 

4 «<4  P)  in  H C\J  fO 


I I I I I I I I I I 


I I I I t I I I I I I I I I I I 


J U Ui  oJ  UJ  aJ  UJ  I 
r 'H  ni  K nO  « n f 
p rv  aO  (M  (94  U>  ( 

> K r*)  n «X>  90  o f 
I aO  o CNi  (T  «n  ■: 
>00tr«.  POaA^OI 
I >0  fo  M e <0  vH  I 

> .9  tn  aO  Ni  K « 4 

> <NJ  (M  (Sj  nj  nj  nJ  4 


J Ui  111  liJ  UJ  l 

4 a M .#  < 

> (u  in  (Ti  M « 

> iX)  fO  r>  «>  l 

I o .9  «o  m 4 

4 « «0  Cl  < 

4 M tf4  <M  <0  4 

J «4  <r  «>  ix>  . 

I ni  w *4  1 


I J III  <il  >u  J 
I r*>  in  »o  40  94 

> «>  CO  rvj  04  « 
» W O'  aO  ^ 

■ o <n  po  ^ o 

> .9  J (M  CO  « 
» A0  S.  aC  (SJ  OJ 

» ix>  40  O'  nj 

I «>  .fA  40  «4  vC 


• I I • t I I I I I I I I • I I I I I I I I 4 4 I I I 4 I I I I I I I I • I I I I I I I 


0v40oe«4v4v 


|«4«4«4«4H«4v4C9e>C9(9C 


4 I 44444444444444444444444444444444444444444444 

lAJUiWUJUlUJUJUiliJUJIUUJUiUJljJUIliiUJUJUIliJUJliJUiUJUJUiUJUfUJUJUJUIUJUJUJtiJUJUlUiUiUibiUiUJUJ 

oeoooooeoeooeeeoeaeooeeooooeeooeoooeooeoeooeoo 

oeoooooooeeooeeooooooeeoeoooeoeaoeeooc^eoeooeoo 

ooooeoo0C9Ooaoeoaooooec9C>4.^c>oocieoeac>oec9ooef3cioc3G>oo 

oaoooooo009eooooeoaooeoooeeaeoeo49ooeoaeoeeoooo 

eeoo0oe9eoooaeoeoe9ooeeeeeeooeooo43oeeooeooeoooo 

ee«eeH.#.#«4«oonjin.»4rnjooAOM«Dc40vHinin<#4O9^in9>vHOin-tO'.»«DniO^eeo9o 

v4eKnjea(^^^K9'OT4M4O.^in4O^|4»KCOK4D«CO04OK.KAi>inm4Om^O40AX>.^v^O0.twO4 

M«DMAn«0«4c4^«4«4«4(MMiMnjMMMfMNMn4njnjMCMmfMmnjmC4jMnimni«««4v4w4«4O4in(sj«4.# 

I 4 4 # 4 4 4 4 4 4 4 4*  4*  4*  4 4*  4*  4*  4*  4 4*  4*  4*  4*  4*  4 4*  4*  4*  4*  4*  4*  4*  4 4*  4*  4*  4*  4 4 4 4 4*  * 


4040404040r040404090f040  40  40  404040POrOM4040|c>40404040m4040f040ro40p0404040404040904040#OPO 
oeoeooc-oooooooeoeooc-'BCC'C.oeciocioocic^ocecioacic-cc'ec'C' 

UJUIUIUJllJUIUlUiliiUllfcJUJbiUJUJUJUJliJUJUlUJUIUlUiUiUJllJUiUllAJliiliiUJUIlLllUlAiUJUlUilAJUiUJUIUlUJ 
cjeeeec'ooeac'cc'cjooooc'i.  C'Ooc'cjdooC’Ooc  fooecic'niar'ooc-ocy 
eeoeee0eoeeeeeeeeeeoo0ee.eeeoeeoor>o0oooooc- 09000 
eoeooooeeooeeeoeeoeooeooeeeeeoeooooeeooeeoeoeo 
ooeeoeeooooooeoeooeoeeeoeeoeooooeeoeeooeoeoooo 

— — _ _ __  oooooooooooooooooo 

oineinc.'ii>ouA0inc>U'0U>0ir\0in 
-9•#lnln40^^«^^•40•9>(^oo«4v4r^inJ 
O ^9  CD  CO  CD  ^9  CD  CO  CD  CD  43^  O' 


soeoeeeeaeeoeooeeeooooooeeoeeoeaaee 

9ineinc»inciinoinoinoir-oinoii>einou>c>UAeinoinoineinc.'ii>o 

»e^vcMni4O4o.9^inin«4OKN4D'D(r(r040^^<^4M4O4o.9-#inin4O^4'«^ 

«KKKKNKK^.ruKKKKKN4A>-KKKCDOCDCDCDOCOOOOCOCDCDOCD 


9Kce«49^^|r)^lfAAO|k.o< 


67i9011E.^00  •74»93br&6E 


POLYNOW*L  COEFF.IIN  ASCENDIMC  POMERS) 


70 


h 


>'3l00'J099': 
JUJ  UUIUJUiUlUli, 

r M t o 9«  *0  <M  ; 

I M M M -^  <(\  (ft  K.  « 

4 9*01AiA9*^IAii 
I 9 9 «D  O v6  K * t 


I >^99  19  9 : 

I I ♦ ♦ I • I I 

I llj  UJ  UJ  III  III  UJ  IJ  > 
t 

> lO  K *0  M ^ K «4  . 
><^.t09<^li\«4li 
^IA<Q(M«40(s<M« 

lfSj999W»«4rw*' 
I (O  r*»  «4  H O*  9 U>  II 


• • I • I I I I I * • I 


iH  H 'J  O O •*>  O 9 «■'.*  O O (Ni  O 
Ol^9090900ori9e 
♦ I ♦ 

UiUiUJUJ4ii'tJI&lUIU)UJUJUJliJ 
^r>»<->«)(\)<>iK.mic9N.ir\(r 

a}KCM«4K>9iK«fg0«0«OO 

a>csi^(O^iA'O9in9K0'« 

iDN.«i>r<«9^^a>r«>9<si9«0(sj 

I I f I I t I I I I I 


rfitotonnntotnrontop^to 

0900000099000 
♦ ♦♦♦♦♦♦♦♦♦♦♦♦ 

txJ  1^  tij  ^ l|^  l|j  ^^1 

0000000000900 
0 9 00000000900 
oM^oll^eu^ol^ou^ou^o 
OMIAKOCMUNKOfVJinKO 
oo^«^K<^'Hn9«o^Jl^ 
0«eoeo0^v4«4«4<SJCSI(M 


•J  I«j  Ui  Ui  uJ  UJ  Ui  UJ  U Ul  UJ  ^ UJ  Ui  UJ  I4j  UJ  lU  Ul  UJ  bJ  «Ai  UJ 

f*>iiHO(\jro  ^tr  o»«o<#^u>«A^oKr«»omKo^ 

-JOOOlO  ^«-«O(fi«i»(UK.««^Otf1«Dm»i»0«4|A(\l 
t^o^o^ia  ^«4A.«4^0one«40««Ai«4a«4JAO 
SO<^J0r9«A«49«lA09*|>J0^>(Utf\f9^ 

jwM'^O«OK.«e*^O«0««O(^AJ«*><^-^MoOMiOO 

MKOOO^»«4miA009lO«un^lAOKKOOO 

^«4^IAK<Ti«4«4^«4«4<HM(NJ(UNAJ<SJAJAJAJ<UAJ 

t • I I I • I I t • I I I I • • • I • I I I 


oooooooooooooaooooooooe 

09000000090090000990000 

90000000090000000900000 


• I I • I I .1  • I I I I I f I I I I • • • I 


ci<‘.ocioc.'Ooeofsc*eec<eoo9oeo< 

UlUJUJUlUJUJUJUiUJUJUJUJUJUJUJUJUJUJUJUJUJUJI 
c •.*oec>cioocjeeC‘Oci9eooc>cioo« 


oeooeeooeeoooeoeeooooo 

eiAOii  ou^e||•Ol^OiJ^Dtf  oif\ciir<c>u*'0(r' 

OOv4«4f4M»^f0i#«iririO«KtuOO9'9*O« 

kknkk  kkkkknkkkkkkkkk  oo 


B15aOOO]E*33  -.ZatOODOOEtor  -.Z910394Zt*31  .l0039<»6Sc«’iiO  -.35Ti7b3ii. 


«4  «4  ^ d C9 
9 .9  >.>  v>  v»  <9  9 
♦ ♦♦♦♦♦♦ 
Ui  .J  U >U  O U) 
nO  (M  Oi  9 K S 

(>i  •<)  fO  9 O lA 

*0  «4  <0  9 <A  > 

.1  i7>  <0  «M  H 

N.  f\j  ^ ^ d O 

^ f«>  in  vO  -H 

m 9 K (M  9 «■> 

M H *0 


9 «4  O 9 « 


> 9 9 
♦ ♦ 

•i  lai 


3 99  99  99  -3  9 


9 9 «4  <r  M 
lA  (M  *4  ff« 
kA  *4  9 9 a 

3 ’A  <7^  «4  «0 


UJ  UJ 
9 <4 
9 9 
lA  eg 


i*j  u 

9 «4 

9 lO  N.  M (SI  lA  .4 


u lu  ui  ui  g 
91  (A  9 9 I'x 
I A|  ^>.  Al  «4  9«  «4  lA 


^ A| 
Al  9 
(A  «4 


(SI  >Q  < 
9 9 I 


I N>  m 3-  m ^ «M 

»A  34  «a  K.  (A  a 
, fw  N.  A.  m Ai  (SI 
> (SI  ro  A A*  9 9 


t a* 

b4  (A  ^ 
(SI  9 ( 
•0  »0  r 


I I I I I I I 


Y 9 *09 

I I I I I 


■ U tU 
» K.  ^ 
> (SI  9 

s o 9 

I 9 (SI 
s K 9 
I 9 <4 
I (A  9* 
I (A  ^ 


9 3 

• M 

K US 
K A. 
O 9 
9 0* 

<Si  (SI 


(SI  1. 

Y o a ^ o 
I I • I I I I I 
Ul  tij  lU  UJ  lU  >1  • i lU  < 

39<4«4tO«49(al 
9US9(g«4A»9k9v-^ 
Mm<AoiA9(A«4aSA>«4^lAl*>9Ko 

<SIM99(*»«4A.(A| 

0(M99O4AH9< 

99  9 9v4r>»<A9-. 

09(SIK90*9(A( 

(AM  A<SI*4<4USA.i 


l«4«4«4v4v4ao«4«4«4Mv4eO 

• • > a o j a 9 


> Y »A  » 

♦ O' 

. W • 

S lA  O t ^ (SI 


> 9 (V  I 
r M US  « 

aM9Y..  , 

4«4(AO*USHiAHrl 


K v4  I 
US  ( 
K 9 ' 


I I I I I I • I I I I I 


-a  o a o a rT»  c a 0 o ' 


Al  9 Al  M lA 


tAiAl9«40US^9« 


. 9 M 
» «4  a 
* o*  9 
I 9 US 


* K 

(A  (A  9 9 9 A>  9 
M (vj  Al  (VI  M ru  AJ 


lULkiUJlUltjjJ  JUI  JUJIUUJ'aJUJUJ 
O'  «4  9«  (A  0«  9 K 
^ 9 US  tA  9 At  9 
9 (A  K (A  M (SI  «4 
a US  9 (O  9 a t4 
us  A.  in  (sj  a (SI  us 
m m (Si  (A  9 9 9 
N.  us  fO  0 9 A>  O' 

«4  «4  «4  v4  9 KS  (SI 


9 Al 
9 M 
a 9 


lA  9 
(A  *4 
K W 
US  (SI 
9 « 
US  9 

(Si  (sj 


O 9 ( 
OS  9 < 
9 M 
W 0 * 

•o  « « 

m (Si  ( 

(Si  M r 


I r>  a 
I 4 
Ui  UJ 
(A  US 
At  lA 
9 (A 
A.  (A 
M 9 


I • I • I t * I I I • I I I I I I I I I 


I I ♦ ♦ 

UJ  ui  ui  UJ 
» tA  (O  O' 
«4  (Si  Is.  O' 
K 9 US  9 
A>  (SI  US  9 CSi 
(S.  9 (Si  9 
(Si  lA  US  9 
9 lA  ^ M 
• • • • 
I I • 


l«4«4«4aaooa 


709000aE*a3  -.34ZS0Z7E»u3 
711ZS0CE»03  -..SElDttJEt’OD 
71350SCE4a3  -.SZailS^EtO: 
7157SO0E*03  -.6ia8091E.0 J 
71S0a0C£403  -.70at6->oE»i)0 


74 


S3950CC£*C3  281  <»75ie+0 1 


oc>i'c:>oo«>cJO(.*c.'ic*riou<  (_rooc>eoc»£jc>ov90ooe0oaeoao 
UJUlU)UiUJliJU)lUUJUJUJU)UiUJUiUJUJUJaJUJUiUiUiUJliiUJUjUJUJUIUIUIUJUJUIUiUiUJ 

(VjW<^fs.9^«r>rMiftfVJh>.fO  ♦■'♦vD-l  ^ 0«TiO«»fNJM^««-9r»^<T'<Ni»4»*>«0«0lf> 

(M«oll\(VlsON.O  tU>(VJv40‘OK-oNW^ao«4^^«>o«><ril^OM^O''H<9^l«<.(ftO<T* 
O^(\j«o^fvio<r<9^0f^vD^v4-4>oroM«4io<o«^i0^O«tf^e(r^94K(^e*4a«i4<7' 
<7>(\iv4«c\jf'>'^mK<OMmu\*4irv(Afj«£\i>roK«iAa«9*«co^««oMcr«4a>^«o^^ 
w w >-7  V-  w «v  «0  ui>  r'i  «v  »%■  w w 1*4  w U’  r>  U3  a.'  r>^  (O  <0  4D  « V O (O  <r  O'  ^ lO  O H ^ 
h>Kr>*«o«c«x)u\(A<f<^r*)nc<i(Nj^w/0'(r«>N>«AirN<frocsiv40(s.tArov40'^roo«iocsi 

I I I i f t I I t t I I t I I I I I I I I I I I I I I I I I ( I I I I 


I 


N 

Nl 

« 

UJ 

X 

c/1 


I liUJIiJiJUJ  JUJUiUlV 

»ro«>Aor<-o»i*>M«o( 

I ^ 40  • -g  ^ .i>  H ^ 

> # ^ <7^  ^ H <r  H i>  . .<  s 
l^ls.cgtO«4«4s0^9^< 


I oj  J UJ  lU  t 

I ^ « >o  « < 

k >0  0>  C9  H « 
» m » lA  c\i . 
k / ^ ro 

ns-^^.toi 


« N Ai  v4  «4  «4  1 

> J •»  1 j 

• III! 

J >tJ  (U  tiJ  lU  Ui  i 

> 9k  <r  o o N>  * 
% « g)  « »•>  '9  < 

. « (A  lA  ^ 

f 9 M lA  <M  9 t 
^ 9 O 9k  «9  W 1 

> K \0  «0  3 o 1 
» K (SI  • M I 
I « g>  H (M  (V  ( 


I <g  (SI  v4  «4  eg  < 

I . O •»  » t^■ 

• • « I I 

I liJ  ‘-tl  Ul  Ul  lij  I 
' M 9»  MS  9*  ‘ 

> MS  MS  *4  *4  O . 
t US  « «4  *9  I 
. r4  «4  A*  9 • 
I (^.  MS  (SI  9k  MS  < 
I ^ ^ 9k  O (g  • 
I (Si  9 o m M)  ( 
I « 9k  44  M M)  < 


» » -7  a .:9 

till 

I ui  ui  ii  lu 

> <9  K 9 t 
r Ml  US  (SI  (A 
I <7  (A  o g> 

> 9 ^ «9 

t 9 9k  <9  K 
I 9k  v4  US  MS 

> g>  9 9 9k 

> w 44  eg 


«4(S|  «4  H (SI 
j > 9 'a  '9 
I I • I I 
J Ui  iJ  til  g 
OO  fO  44  «4  9 
9 M A.  at  «g 
9 K MS  O « 
9 «4  MS  fg  9t 
US  ca  9 9 K 
« H 9k  9 t 
e (A  O O *9 
44  9k  (SI  «4  m 


C944000^^^^^^^W^^^^v4^^^v4^^r(^^^v444W^44«4«4^«4^44^T(ec9044o 

oe*oo-ao«o''»c>oc»*»o^o  *t*e»oo'9Ckoe-  oocsc»r»«-»r90'*'c_>ofa  *c»o'aof3  0»7'a 
♦ I I 4 

uj  uj  uj  >0  uj  Ui  UI  UI  Ui  UI  Ui  uj  Ui  ijj  i.g  111  ui  Ui  UJ  uj  >41  ui  uj  uj  <g  uj  UI  uj  ij  uj  Ui  lu  Ui  ij  Ui  UI  ui  lu  UI  uj  ku  ig  >1 14J  Hi  Ui 
O9USOr<)(SI«9e«>(09k«0(0n44<9«MSr>i»44US9t0t9««9k9<9N.«v44D(Si9k4Po9keOf0USA.A>9k« 

<0«4«>9m«4449«)«iOe4D(AtniM9(9(A9r<>tAlAK(Sl9«ICSI.4iO«4iA(0>n9S(A«SUS(SllumMS44lAa<lS 
9k«9t999ASi4.«oAiAM>(Tko0Air*)9(gMofO«44v4e9<*>A.<9fw^fueaKMseusiAe^MtA<*9Msatr>«. 
«99kt0f4(S|(0(r9««9(\|av(l*>ce9(SJUS*49k9kv444KUSe9kf04e9Mko9kfi><A\0  94D999<49K9 

«9«e9USIA(SJMsr*)Av4Ai(g44o9kO44(0^««4^..MSr0^e99kt0mK.(^^•44«0r9(0«r•>USMSr^449k(^0kg) 

«MSee«499(Sl9k99kM9USMS|>)(SJ(ykUSeUS«wm99(gaK(Si«0(r74e9kMS9k(SJ(Siog>9k9kaUS(^ 

e44MkOK>O(SI9USK«e44(S|l09UVIA«KKN.«»««««Kfui9MSUS9(Si440k«D<9944««t99k9k 

(g«om  .0<044444444^44cg(\i(g(gMM(siAj(grg(gAiAi(g(\i(siAiMrg(gM<S|(Si(S|Ai44«4  «444«4«iA(si9k  9 

I ( I I I • I I I I I I I I I I I I I I I I I • I • I I I I I I I I I I • I I I • I I 


• «4000«4^v444444 


I V4  44  «4  «4  v4  44  «4  < 


♦ I U444>44444>44444444444444444444444444444>4444>44 

IMUIUJUiUiUJUlUiUJUlUiUiUiUiUiUlUiUlUiUJUiUiUiUiUlUiUlUlUiUiUiUiUiUlUlUJUJUiUiUJUiUiUlUJUJUl 
oeeooeeeooeooooooaeeeaeooeooeoeeooooaooaeooeee 
oooooeeeaeeeooooooooeoeoeooeeeoeooooeoooeooeee 
(aeoraoeooooc3oeoooooosaooec*oooc9oooo(aueoiaooc»o&c<oeo 
acaoaooooaooooaoaaacaoaaaoeeoaeaeoooaoacaoooooooo 
oooac900oeeeoeooeeDooeooeoooeooeaOi9<90oeoaoooeee 
ooo»e4(99T4«90(gus99(geeM>(st«444944USMs9iA«9«A^44«iA9(r9«9(si(ro«aee 
44eKMo<u(SJ9M>K<Ari44(Sj(09USt94DA  K«DA.e««>«D«KN«9USMS(O(SJ449k0i9944o«9«4a\ 
AI«>(O«0<O444444444444(g(g(Si(SI(gAI(Si(SI(g(gcg(SiAI(g(g(SIISICSI(SI(SI(SI(SI(kd(SI(SI«444«444«49*IA(Sl449 

* r I*  * •*  I • I • I*  ( I*  • t 9 9 9 9 I •*  I*  9 9 9 9 9 9 I*  •*  I •*  I •*  I*  * • I I I I*  • * * 


fowwwwiofoinwwwwwiofAwwiowwwrowwwwwwwwiowrxofoioinrofoFiwiAWlorsw 

OC'OC'C  c*r>c>ociooc7oc'cjc>itc>ocgr  oo&c  c-oot  oou>&Cietoc't:<c>(^c-c  000 

UlUlblUiUJUJUIUJUiUJUJUiUlUiUJUJUJUJUiigUIUlUiUJUlUiUllUUJUJUJUiUJUJbJUJUJUlUiUJUIUlUIUJUlUJ 
r>c->c>o«  c-nc-'c-r  r*tr'OC*rjcjc*«.'e»r»c>«>c  cjtaocioc  eoc^ei^oeie  e'rac.  c.oe-c  c c-c 
C'oee(^koeee>oeceDO.oc3eioeoc.>eee>r)eetec.'oeooe>eoec>eoeoe}GJO 
oeeoeoeeeeeoeee«eoooeeooeoeaee<ooeeooeaeeoeoeee 
eeeoeeoeeor<oee»ooeoeoeoooeeoeeoeooeeeeeeoaoeeoo 
eeoeeoeeeeeeeeoecseeoeoooeeooeeooeoeockoeockeeeee 

C>MSUiU  CrfMSC<U  C'USU^U  OU'CiU  C>U  C'UiOU'Uiy.CiMSClU'CaU  Ciy  C>U>C^U  ft^M^OU^C>UtC■t•'C/ti 

ee4444(gAinn99MkUS<9g>KK««9k9keO*4v4Mig(0n99MStfS49<9KK«D«9k0kC»e44«4(Si(Si 

KKKKKKKKNfuNKKKKK|k»NA>A-»««O«>««D4D«D«D«><e««C‘«D»«D«>«0(r9'9'9k9k9' 


44M(n9Mks9KCl9ke«4(gm9US4CiK«(re44AjK>9irk9A  VOk044(\jm9USM>K«'9ke44rg|09MSg) 
«444444444«444«444v4(Sl(g(^|(^i^J(^i(g^i(SiCg^^|r)rororo^)ronro^}99  99999 


P(M.rNOMI*L  COEFF.  UN  ASCENDING  PONEOSI 


I 


UJ 

t 

o 

z ^ 

^ UN  CJv4v4<JC.>Oc 

f/>  <f'  OA*CA00t»C-»i3000OO«->C*»-i’r‘»O«-*OOej0t  t9€JAjfAO»at*C^ 

fo  Ui  Ul  UJ  ta  ut  Ul  U1  Ui  Ul  ui  lAl  til  VaI  U)  lU  U)  W U)  UJ  UJ  UJ  W Ul  UJ  li>  It)  UJ  UJ  UJ  Ul  UJ  UJ  It' 

• <7*UN«O9«UN(9N'^lfNKiri^Of«>«O«4K0<MtfNin«4O«>^.t>JNU)pi9(M^>«^rj^ 

v««NUoN4«ootfNM<vjiOUNtftU>^<9^Hc>iOcr>3«^r^«e>KU)K<r«><A«4u%u> 
A•^^A0U^^»«ON>4(^Jou><SJ^<^«>«orOhJ«)..t▼4^»u)(^||>ou^  junc>^«o 

(MK.UN«>tM^ir(«0K.400'«4«4«4«4>4v4v4«4^T4v4^«^A^'NjN(MfU<Urvi(VtCU 

I I I t I I I I * I I • f I I I I I I I I I I I * I ( t I I I 


1 


; ; 


' o o cj  e c» 


> UN 


r- 

CNJ  «D 
<M  INJ 


bJ  UJ  UJ  Ul 
m %e  t (T^ 
-t  «r  CM  ^ 
« o«  n • 
e ^ K K 

C3  »o  U>  ON 

UN  tf>  UN 
(M  CNi  fM  ^J 


« ^ • 
UN  UN  I 
sO  M < 
(Ni  UN  I 

%o  «0  1 
(M  <Ni  I 


J Ui  lU  lu 

I ^ ON  f>* 

^ K>  tO 

> M »0 
. (M  ^ 

)KKK 


> K -4  <0 
t w4m  tsi 
^ «0  h.  ON 


UJ  UJ  IJ 
'fN  ir>  t 

•»  m 

fo  fM  «M 
UN  « (n 
e *4  (M 


» «,  ' O O O C ' o 

♦ ♦ ♦ # ♦ « ♦ 

Ul  UJ  UJ  UJ  UJ  U)  Ui 


I C7  t:3  o <-  :3  ' 


> O «-’  c» 


^ K ( 
(NJ  K 

*»>  w -/ 


Ut  UJ  I 
NT  f I 

UN  UN  » 
O <M  PO  fM  M I 


O*  »»0«M  fONJM* 


N UN  p>>  UN  e I 


I uJ  UJ 
• K.  K> 
t <i>  « 
> UN 


(SJ«49n^N.«>OPOk«P>.««ONP>^ 


^^POfOCNJ«400Nf».UN'0«4«0 

fNJ<M^<M^^N(NjKj<MiMKjN 


UN  (M 
(M  ^ 


Ui  UJ  lU  Ul  Ul  Ui  U I 
t»4W^.  f 

U'»4U)w4K>^\Ol 
PO  UN  (M  UN  UN  ^ . 
ONUN«4N.fNJN.(M<, 
ir\  UN  in  ^ ^ PO  PO  r 
(M(MCM(MPNJfM<Mr 


I I I I I I I I 


t t 


I • I I I I I 


I I I « I I I 


• * 


I PO  «N 

> K»  0» 
I O*  C3 
* n h- 

I V4  O 
J M CM 


hi  UJ  UJ 
r-  o Pi. 
UN  nj  <0 
vO  (M  UN 
«>  (M  v4 
ON  <M  I# 
O'  O’  « 


I I 


«e675C:E.03  -.ir56553e*Dl 
8e91)!!O0E*03  -,166  705-.E  1 
89125C.E*03  - . 15 72936E ♦ ? 1 


8935000E*03  •.1974063E«01 


H 

Z>  C\J 


>■  M 


*4T4«4«400c9  0r3C3«ir.-0C3 

ooc.>oooooaooooe 

♦ ♦♦♦♦♦♦♦♦♦  I ♦♦♦ 

uiiijujiijuiuiujuiiiiuimuiuiuj 

ev4K«fOo»w0^o;to^a«l> 

K«A<^CSI«ON«0^I0v4»*>K<>4*O 

r>Mv4eeKmo^«r9*onv40' 


o 


a ^4 


AJ  «4  ^ K 

« C3  '■'  O 

♦ I I I 

UJ  UJ  bJ  UJ 
iA  if>  <M  m 

X K fo  lA 

O O «D 


a> 


b 


I I I I I I I I I I I 


ntopopoiontonnntofotopy 

ooeooeooeeoooo 

UiUlUIUJUIUlUiUUiUJUibJUilAJ 

OOOOOOO  9 000000 

eoooooeaeooooo 

if^atoeiAemo(Aei(\eu^a 

K«IMt^KO<^ilnKOMU\Ke 

lA•e^i«rKO«^m«o«oo<sllf^ 


Appendix  D 


Parasitic  Elamant  Detaimination 


This  appendix  includes  theoretical  Smith  Chart  impedance  plots  corresponding 


icdwl  of  the  intcrdigital  transducer  used  foi'  ilie  u<$l<iy  lines 


of  this  report.  Various  values  of  parasitic  elements  are  investigated  in  order  that 
a theoretical -experimental  comparison  can  be  made  in  the  text. 
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BASE  UNITS: 

length 

mess 

time 

electric  current 
thennodynemic  temperature 
amount  of  substance 
luminous  intensity 

SUPPLEMENTARY  UNITS: 
plane  angle 
solid  angle 

DERIVED  UNITS: 
Acceleration 

activity  (of  a radioactive  source} 

angular  acceleration 

angular  velocity 

area 

density 

electric  capacitance 

electrical  conductance 

electric  field  strength 

electric  inductance 

electric  potential  difference 

electric  resistance 

electromotive  force 

energy 

entropy 

force 

frequency 

illuminance 

luminance 

luminous  flux 

magnetic  field  strength 

magnetic  flux 

magnetic  flux  density 

magnetomotive  force 

power 

pressure 

quantity  of  electricity 
quantity  of  heat 
radiant  intensity 
specific  heat 
stress 

thermal  conductivity 
vehK.ity 

viscosity,  dynamic 

viscosity,  kinematic 

voltage 

volume 

wavenumber 

work 


Unit 


metre 

kilogram 

second 

ampere 

kelvin 

mole 

candela 


radian 

steradian 


metre  per  second  squared 

disintegration  per  second 

radian  per  second  squared 

radian  per  second 

square  metre 

kilogram  per  cubic  metre 

farad 

siemens 

volt  per  metro 

henry 

volt 

ohm 

volt 

joule 

joule  per  kelvin 

newton 

hertz 

lux 

candela  per  square  metre 
lumen 

ampere  per  metre 

weber 

tesla 

ampere 

watt 

pascal 

coulomb 

joule 

watt  po-  steradian 

joule  per  kilogram-kelvin 

pascal 

watt  per  metre-kelvin 
metre  per  second 
pascal-second 
square  metre  per  second 
volt 

cubic  metre 
reciprocal  metro 
joule 


SI  PREFDCES: 


Multiplication  Factors 
1 000  000  rKjOOOO  > 10'> 

1 oimoooooo  = 10* 

1 000  000  - 1 ti* 

1 000  « 10’ 
too  • 10^ 
10  • 10' 

0 1 - 10-' 
001  - 10-* 
0 001  « 10-’ 
0 000  001  ■ 10~* 
0 000(K)0(i01  » I0-* 
0 000  000  000  001  » 10~'* 
0 000  000  OrNHKK)  001  « 10-'* 
0 (KK)  000  000  tMMMHK)  001  - 10*  »• 

• To  be  avoided  where  poatiblc 


SI  Symbol  Formula 


m 

kg 


A 

K 


mol 

cd 

rad 

sr 

m/s 

(disintegration)/s 

rad/s 

rad/s 

m 

kg/m 

K 

S 

A-sA' 

AA/ 

V/m 

If 

V-s/A 

V 

W/A 

VIA 

V 

W/A 

1 

N-m 

I/K 

N 

kg>m/s 

Hz 

(cycie)/s 

lx 

Im/m 

cd/m 

Im 

cd'sr 

A/m 

Wb 

V-s 

T 

Wb/m 

A 

W 

i/s 

Pa 

c: 

I 

N/m 

A*s 

N>m 

W/sr 

)/kg.K 

Pa 

N/m 

W/m-K 

m/s 

Pa-s 

m/s 

V 

W/A 

m 

) 

(wavepm 

N*m 

Prefix 

•SI  Symbol 

tera 

T 

Kiga 

C 

mega 

M 

kilo 

k 

httrlo* 

h 

dflka* 

da 

deci* 

d 

cent!* 

c 

mllli 

m 

micro 

M 

nano 

picfl 

femto 

n 

r 

alto 

a 
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